We point out that the anomaly of the muon g − 2 can be easily explained in a focus point supersymmetry scenario, which realizes the semi-natural supersymmetry. Among known focus point supersymmetry scenarios, we find that a model based on Higgs-gaugino mediation works with a mild fine-tuning ∆ = 40 -80. We propose two new focus point supersymmetry scenarios where the anomaly of the muon g − 2 is also explained. These scenarios are variants of the widely known focus point supersymmetry based on gravity mediation with universal scalar masses.
Introduction
Low-energy supersymmetry (SUSY) has many attractive features, and is a leading candidate for physics beyond the standard model (SM). In the minimal supersymmetric SM (MSSM), three gauge coupling constants of SM gauge groups are unified at a high energy scale around 10 16 GeV. The electroweak symmetry breaking (EWSB) is induced via SUSY breaking, which was expected to solve the fine-tuning problem of the Higgs potential, namely, to explain the smallness of the EWSB breaking scale.
Another attractive and important feature of low-energy SUSY is, that it has a potential of providing a solution to the long-standing puzzle, the anomaly of the muon anomalous magnetic moment (g − 2). The experimental value of the muon anomalous magnetic moment is deviated from the SM prediction (a µ ) SM above 3σ level: 
Here, (a µ ) EXP is the experimental value of the muon (g − 2)/2 accurately measured at the Brookhaven E821 experiment [3] . In low-energy SUSY, smuons and chargino/neutralino of O(100) GeV give O(10 −9 ) corrections to the muon g−2 and explain this discrepancy [4, 5] .
However, non-observation of SUSY signals at the Large Hadron Collider (LHC) (see e.g. Refs. [6] ) and the relatively heavy Higgs boson of 125 GeV [7] push up the SUSY scale above TeV. Especially, the observed Higgs boson mass requires rather large radiative corrections from heavy stops [8] : it is suggested that the stop is as heavy as [3] [4] [5] , including higher order corrections beyond the 3-loop level. As a result, both the SUSY solution to the fine-tuning problem and the SUSY explanation of the muon g − 2 anomaly seem to be difficult to work.
There are several attempts to attack these two difficulties, but separately. As a solution to the fine-tuning problem, the focus point SUSY now becomes more attractive [10] (see also [11, 12] ). In the focus point SUSY, a special relation among soft SUSY breaking parameters is assumed so that radiative corrections to the Higgs potential cancel each other. As a result, the EWSB scale becomes insensitive to the soft SUSY breaking mass scale. There are several focus point SUSY scenarios, based on gaugino mediation [13] ,
Higgs-gaugino mediation [14] , gravity mediation with non-universal gaugino masses [15] and gauge mediation [16] .
On the other hand, light smuons and light chargino/neutralino are required to explain the muon g − 2 anomaly, while the Higgs boson mass around 125 GeV requires rather heavy stops. In Refs. [17] , it is shown that the Higgs boson mass and the muon g − 2 anomaly are explained simultaneously by mass-splitting among generations. Also, other possibilities are provided based on gauge mediation [18] , gravity mediation [19] and gaugino mediation [20] : in these frameworks, colored and non-colored SUSY particles are split in their masses so that the SUSY contribution to the muon g − 2 is enhanced.
In this paper, we show that the anomaly of the muon g − 2 can be easily explained in a focus point SUSY scenario. In the next section, we review four known types of focus point scenarios and discuss whether the scenarios can explain the muon g − 2 anomaly.
We find that a model based on Higgs-gaugino mediation, which is recently proposed by the current authors [14] , works. It is found that the discrepancy of the muon g − 2 from the SM prediction is reduced to 1σ level with a mild fine-tuning ∆ = 40 -80. (See Eq.
(15) for the definition of ∆.) We propose two new focus point scenarios which can explain the muon g − 2 anomaly in section 4. They are variants of the well-known focus point SUSY scenario proposed by Feng, Matchev and Moroi [10] .
Focus point for the electroweak symmetry breaking
In focus point SUSY scenarios, the EWSB scale is relatively insensitive to the soft SUSY breaking mass scale. This is achieved by introducing some fixed ratios between soft mass parameters at a high energy scale. In this section, we review four known focus point scenarios and discuss whether they can explain the muon g − 2 anomaly. We show that only one of them works.
The conditions for the EWSB are given by FPUS is based on gravity mediation, where Universal Scalar masses are assumed.
In this case, their contributions to m 2 Hu almost cancel each other. FPGM is based on Gaugino Mediation, where all soft scalar masses vanish at the high energy scale M in .
FPHSG is based on High Scale Gauge mediation, where scalar masses as well as gaugino masses are generated by messenger loops. Finally, FPHGM is based on Higgs-Gaugino Mediation motivated by E 7 non-linear sigma model [23] , where squark and slepton masses vanish at the high energy scale. More detailed descriptions are shown below.
Before discussing each focus point, we comment on non-universal gaugino masses. As we will see in the next section, non-universal gaugino masses are crucial in order to explain the muon g − 2 anomaly and the observed Higgs boson mass around 125 GeV, simultaneously. Non-universal gaugino masses are naturally obtained if product group unification (PGU) is considered [24] . We note that PGU has an advantage over the minimal SU (5) grand unification (GUT): PGU provides a solution to the doublet-triplet splitting problem [25, 26] . The gauge coupling unification is still maintained approximately.
We briefly discuss how non-universal gaugino masses arise in the [25] , where the unification of quarks and leptons into SU (5) multiplets is maintained. Gaugino masses are given by couplings between a SUSY breaking field Z and gauge multiplets,
where g 5 , g 3H and g 1H are the gauge coupling constants of SU (5) 
masses are generated at the GUT scale as
where we take the strong coupling limit, g
The constant N is determined by the U (1) H charge of GUT breaking Higgs fields, which break SU (5) SM × SU (3) H × U (1) H down into the SM gauge group. In the strong coupling limit of SU (3) H and U (1) H , the gauge coupling unification is still maintained approximately as g 
where . . . denotes other contributions containing M 1 or M 2 . If the ratio m 0 /M 3 is fixed to be 4 -5, the low-energy value ofm 2 H becomes insensitive to the SUSY breaking mass scale [12] .
2 (Due to the correction ∆V in Eq. (2),m 2 H is not necessary negative for the successful EWSB.)
In FPUS sleptons as well as squarks are as heavy as a few TeV to explain the observed Higgs mass; therefore the SUSY contribution to the muon g − 2, ∆a µ , is suppressed.
ii)FPGM In gaugino mediation models, we have a focus point with non-universal gaugino masses. Assuming that scalar masses vanish at the GUT scale,m 2 H is given bỹ
where we have dropped negligible contributions depending on M 1 . One can see that abovem 2 H nearly vanishes for M 2 /M 3 2.6 and −2.1 [13] . Universal scalar masses are introduced without much affecting the fine-tuning of the EWSB scale, as long as m 0 is not very large [15] .
Since M 2 is large, left-handed sleptons become inevitably heavy. The low-energy value
where we take M 2 = 2.6M 3 in the second line. Consequently, FPGM cannot explain
iii)FPHSG It has been shown in Refs. [16] that a focus point exists in high-scale gauge mediation models. 3 In FPHSG, the number of SU (2) L doublet messengers (N L ) and 
where 29, 11) gives
However, the masses of the wino and the mass squared of the left-handed slepton are proportional to N L , and it is impossible to explain the discrepancy of the muon g − 2.
iv)FPHGM We have a focus point in Higgs-gaugino mediation motivated by the E 7
non-linear sigma model [23] . In Higgs-gaugino mediation, soft masses for squarks and sleptons vanish at M in , while those for the Higgs doublets are as large as gaugino masses.
This is consistent with non-observation of flavor-violating processes. The low-energym
Here, we assume that m
H at the high energy scale, for simplicity. The ratio m H /M 3 5/4 -4/3 leads to a smallm 2 H [14] . In this model, sleptons as well as the wino can be light. As is shown in the next section, it is possible to obtain ∆a µ 10 −9 .
As we have shown, among four focus point scenarios, only FPHGM can explain the muon g − 2 anomaly. In the next section, we give a more detailed explanation for this point.
The muon g − 2 in the focus point SUSY
The SUSY contribution to the muon g − 2 is enhanced when gaugino(s) and smuon(s) are light. There are two dominant SUSY contributions to the muon g − 2: wino-Higgsino-
(Here, L and R denote left-handed and right-handed, respectively.) To enhance these contributions, at least, the left-handed slepton needs to be light. Clearly, FPUS can not explain the discrepancy of the muon g − 2, since all the sleptons as well as squarks are heavy as a few TeV. Also, L-smuon is too heavy to obtain ∆a µ 10 −9 in FPGM and FPHSG. Therefore, only remaining possibility is FPHGM.
The wino-Higgsino-(muon sneutrino) contribution to (∆a µ ) SUSY is given by [5] (
where we take µ = (1/2)mν andM 2 = mν in the second line. Here,M 2 is the wino mass at the soft mass scale. The leading two-loop contribution δ 2L comes from large QED-logarithms [27, 28] 
To explain ∆a µ by this contribution, the masses of the wino and L-smuon should be around 500 GeV. Obviously, the wino or L-smuon are too heavy to obtain (a µ )W −H−ν 10
in FPUS, FPGM and FPHSG. In FPHGM, on the other hand, the wino mass is unimportant for the focus point, and hence can be small enough to explain the anomaly of the muon g − 2. As we will see, the L-smuon is also light enough.
The bino-(L-smuon)-(R-smuon) contribution is found to be [5] (
where we take mμ L = 3M 1 and mμ R = 2M 1 in the second line. From the requirement of the small fine-tuning (∆ < 100), there is an upper-bound on µ: µ 650 GeV. It can be seen that (a µ )B −μ L −μ R is sufficiently large only when the bino and smuons are very light as 200-300 GeV, and tan β is larger than 40. Although Eq. (14) does not contaiñ M 2 , it implicitly depends onM 2 through the renormalization group running from M in to M IR : large M 2 thusM 2 leads to large L-slepton masses through the radiative corrections.
Therefore, L-smuon becomes too heavy in FPGM and FPHSG (see Eq. (8)). Moreover, with large tan β ∼ 40, the tau Yukawa coupling becomes large and the stau mass becomes easily tachyonic. Because of these reasons, it is difficult to obtain (a µ )B −μ L −μ R 10 −9 in the known focus point SUSY scenarios.
In the following, we discuss FPHGM in detail. We assume M 1 = M 3 , for simplicity.
Focus point in Higgs-gaugino mediation (FPHGM)
We consider the focus point in Higgs-gaugino mediation and estimate the fine-tuning of the EWSB scale in this model. For this purpose, we employ the following fine-tuning measure [29] :
where v obs 174.1 GeV. The fundamental mass parameters in ∆ a are defined at M in = 10 16 GeV. As shown in Eq. (2), The VEV v in ∆ a is determined by the Higgs potential including one-loop radiative corrections, which are in fact non-negligible. It is very interesting if there is a small ∆ region where the observed Higgs boson mass and the muon anomaly g − 2 are simultaneously explained.
In our numerical calculations, the Higgs boson mass is calculated using FeynHiggs 2.10.3 [30] and the SUSY mass spectra as well as ∆ is evaluated utilizing SoftSUSY 3.6.1 [22] . The strong coupling constant and the top pole mass are taken as α s (M Z ) = 0.1185 and m t = 173.34 GeV.
We show the contours for the Higgs boson mass and ∆ in Fig. 1 . In the orange (yellow) region, the SUSY contribution ∆a µ reduces the discrepancy of the muon g − 2 from the SM prediction to 1σ (2σ). For the SM prediction of the muon g − 2, we use Also, we show the maximum value of ∆a µ in Fig. 2 for different parameter sets (A, B, C). We vary tan β within a range [10 : 60] in each parameter set such that ∆a µ is maximized. We require that mτ 1 , mν τ 100 GeV; therefore the region with too small m L or too large tan β is not allowed. (The allowed range of tan β is up to ∼ 30 in the parameter region preferred for the muon g −2.) The maximum value of ∆a µ easily exceeds 1.8 · 10 −9 in the mild fine-tuning region. For C, M 2 smaller than 750 GeV (580 GeV at M IR ) is allowed to explain the anomaly of the muon g − 2. In this case, the level of the fine-tuning is still as low as ∆ < 40.
Interestingly, in this FPHGM the muon g − 2 anomaly is easily explained. This is due to the smallness of scalar masses at M in , which gives small radiative corrections to the staus during the RGE running: the lighter L-smuon and larger tan β are allowed compared to models which will be discussed in the next section.
Let us present some sample mass spectra and ∆ in Table 1 . One can see that the discrepancy of the muon g − 2 is, in fact, explained in the region ∆ ∼ 40 -80. The calculated Higgs boson mass is consistent with the observed value. Note that the tau sneutrino is the lightest SUSY particle (LSP) in these model points, and one may need to pay attention to it.
Sneutrino LSP
Before closing this section, let us comment on the (tau) sneutrino LSP from view points of the cosmology and collider searches, since the tau sneutrino tends to be the LSP in the parameter region of our interest (apart from the region where the wino mass is around 100
GeV). If the sneutrino LSP is absolutely stable, it is easily excluded by direct detection experiments due to a large scattering cross section with nuclei [31] . However, the sneutrino LSP can easily decay into SM particles with a life-time less than 0.1 -1 sec, if there is a tiny R-parity violation (e.g. W = LLĒ, LQD). Therefore, the sneutrino LSP neither conflicts with the direct detection experiments nor standard cosmology.
The sneutrino LSP may behave as a stable particle inside the detector. In this case, the sneutrino can be searched for at the LHC through the production of chargino-neutralino, which eventually decay into multi-leptons with a missing transverse momentum. It may be distinguishable from an ordinary neutralino LSP case, since the flavors of the final state leptons are uncorrelated for the sneutrino LSP [32] .
Variants of FPUS
So far, among known focus point SUSY scenarios, only FPHGM can explain the muon g − 2 anomaly. In this section, we discuss possible modifications of other focus point SUSY scenarios.
In FPGM and FPHSG, the heavy wino is crucial for realizing semi-natural SUSY; therefore, it is very difficult to modify these scenarios to be consistent with the muon g − 2 experiment. On the other hand, the modification may be possible for FPUS by relaxing the condition of universal scalar masses and taking slepton masses to be small.
Although the fine-tuning is rather insensitive to the slepton masses, this modification is not very easy. This is because radiative corrections induce negative squared masses for staus. Note that the relation m Q = mŪ = mĒ is consistent with the SU (5) unification. In the SU (5) unification, the relation mD = m L is imposed, which we take as a free parameter independent of m Q . Assuming that m Q /M 3 ∼ 4 -5, we obtain the focus point.
vi)FPNUS2
There is another focus point once the SU (5) 
FPNUS1
Let us evaluate the fine-tuning ∆, the Higgs boson mass and ∆a µ in FPNUS1. Here, we consider the case of m Q = m U = m E = m H and the fixed ratio m Q /M 3 . Also, m L = mD is assumed so that quarks and leptons are unified into SU (5) multiplets. The fine-tuning of this model can be estimated by the following measure:
In Fig. 3 , the Higgs boson mass m h and ∆ are shown for different M 3 . Here, r Q is the ratio of the squark mass to the gluino mass, m Q /M 3 . The gluino mass at M in is taken as M 3 = (800, 900, 1000, 1100, 1200) GeV. As r Q increases, ∆ is minimized at a certain point.
Above the vertical line, the EWSB no longer occurs. In small ∆ region, the calculated
Higgs boson mass of m h (123. 5, 124.5, 125) GeV is obtained for M 3 = (800, 900, 1000)
GeV and tan β = 25, while larger M 3 is required for tan β = 15.
Next, we see whether we can explain the muon g − 2 anomaly in FPNUS1. In Fig. 4 , the maximum value of ∆a µ in the region with mild fine-tuning is shown. We take different parameter sets denoted by A, B, C, D, E and F as shown in the caption. We vary tan β within a range [10 : 60] in each parameter set such that ∆a µ is maximized. (The allowed range of tan β is up to ∼ 20.) We see that, in the very light wino case A, the discrepancy of the muon g − 2 from the SM prediction can be reduced to 1σ level, while in the heavier wino case B the discrepancy is reduced to 1.5σ. In E and F, the condition m Hu = m H d at M in is relaxed, and there is a region where the discrepancy is reduced to 1σ level for
Let us present a sample mass spectrum and ∆ in Table 2 (P3). One can see the discrepancy of the muon g − 2 is reduced around 1σ if the wino-like chargino is as light as ∼ 100 GeV.
FPNUS2
Once we abandon the SU (5) unification, we have another focus point (FPNU2). Here, we consider the case for m Q = mŪ = mD = m H with the fixed ratio of
Although this model is not consistent with the SU (5) unification, a larger parameter space with ∆a µ 1.8 · 10 −9 exists. The fine-tuning measure ∆ is slightly changed from
In Fig Finally, let us present a sample mass spectrum and ∆ in Table 2 (P4). Although this model is not consistent with the SU (5) unification, the anomaly of the muon g − 2 is, in fact, explained in the region with ∆ 60. if the wino and the left-handed smuon are also light, the anomaly of the muon g − 2 is explained.
In this paper, we have found that, among the known focus point SUSY scenarios, a scenario based on the Higgs-gaugino mediation can explain the observed value of the g − 2 with mild fine-tuning measures ∆ = 40 -80. This scenario is proposed recently by the current authors motivated by E 7 non-linear sigma model, which may explain why the family number is three. There, the wino mass is unimportant for the focus point and hence can be light enough. The mass of the left-handed smuon is mainly given by the quantum correction from the wino loop and is small.
The tau-sneutrino is likely to be the LSP in the parameter region of our interest, which gives a distinctive collider signal as described in Sec. 3.2. Therefore, this intriguing possibility may be tested and distinguished from other SUSY scenarios at the LHC.
Also, we propose two new focus point SUSY scenarios based on gravity mediation, which are variants of the well known focus point SUSY scenario. Unlike the original one, the scalar masses are no longer universal and the left-handed sleptons are light. We have shown that the muon g − 2 anomaly is explained.
In this paper, we have mainly discussed the anomaly of the muon g − 2 in focus point SUSY scenarios. The focus point SUSY needs some relations among relevant mass parameters. We hope that those relations may be given by more fundamental physics (see e.g. [12, 34] ). It is, however, beyond the scope of this paper. It is assumed that F mess and M mess are common for all the messenger fields.
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In this setup, the gaugino masses are given by
where m mess = F mess /M mess . The scalar masses are 
If we take M mess = M GUT , the low-energy value of m 
where we take tan β = 20. Figure 3 : The Higgs boson mass and ∆ in FPNUS1, with parameter sets (M 3 , M 2 , m L ) = (800-900, 500, 1000), (1000-1200, 500, 1200) GeV. In the upper (lower) panel, tan β = 25 (15) . Here, r Q ≡ m Q /M 3 . In each point, tan β is varied within a range [10 : 60] , requiring mτ 1 , mν τ > 100 GeV. The condition m H d = m Hu is relaxed for E and F. . In each points, tan β is is varied within a range [10 : 60] .
